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Chiral magnetic MnxFe1-xGe compounds have an antisymmetric exchange interaction that is 
tunable with the manganese stoichiometric fraction, x. Although millimeter-scale, polycrystalline 
bulk samples of this family of compounds have been produced, thin-film versions of these 
materials will be necessary for devices. In this study, we demonstrate the growth of epitaxial 
MnxFe1-xGe thin films on Si (111) substrates with a pure B20 crystal structure in the 
stoichiometric fraction range x from 0 to 0.81. Following systematic physical and magnetic 
characterization including microwave absorption spectroscopy, we quantify the antisymmetric 
exchange interaction and helical period as a function of x, which ranges from 200 nm to 8 nm. 
Our results demonstrate an approach to engineering the size of magnetic skyrmions in epitaxial 
films that are grown using scalable techniques.  
 
 
 
 
I. Introduction 
 
Controlling exchange interactions in noncollinear magnets not only allow an exploration of the 
microscopic phenomenology of noncollinear magnetism, but it also enables the engineering of 
chiral spin textures, including topological magnetic skyrmions [1,2]. One of these magnetic 
interactions is the antisymmetric exchange interaction, known as the Dzyaloshinskii-Moriya 
interaction (DMI), which occurs when inversion symmetry is broken at interfaces or in the 
volume of non-centrosymmetric materials and generates twisted spin alignments [1,3–5]. A well-
known group of these materials is the B20 transition metal monosilices and monogermanides, 
e.g., FeGe, MnSi, and FexCo1-xSi [2].  
 
Among B20 compounds, isostructural solid solutions MnxFe1-xGe are special because they alone 
show chiral magnetism through the entire compositional range x (from 0 to 1), with a 
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corresponding helical period ranging from 200 nm to 3 nm [6,7]. Because skyrmion diameters 
closely match to the helical period in B20 materials, controlling composition also means 
controlling magnetic skyrmion size, which is particularly important for achieving high density in 
memory and logic devices based on magnetic skyrmions. Moreover, MnxFe1-xGe displays 
remarkable physical properties, including multiple phase transitions between short-range and 
long-range orderings and a transition between the DMI and the effective Ruderman-Kittel-
Kasuya-Yosida exchange interaction [8,9]. Experimental studies of MnxFe1-xGe compounds 
have, however, been limited to millimeter-sized polycrystalline bulk samples due to the 
requirement of high-pressure synthesis [7,10] to achieve the desired metastable B20 polymorph, 
which has prevented the full exploration and exploitation of these novel properties relevant to 
technological applications. In this regard, the use of epitaxy to stabilize and grow thin films [11] 
of the desired B20 polymorph on a technologically relevant substrate like silicon will enable the 
scalable fabrication of magnetic devices that can take advantage of non-collinear spin textures.  
 
In this work, we demonstrate the epitaxial growth of MnxFe1-xGe thin films using molecular-
beam epitaxy (MBE) on a Si (111) substrate. We find that we can grow this material with a pure 
B20 crystal structure in the wide compositional range of x from 0 to 0.81. Using high-resolution 
scanning transmission electron microscopy (STEM), we validate the epitaxy of MnxFe1-xGe, and 
using X-ray diffraction (XRD), we quantify the in-plane and out-of-plane lattice strain as a 
function of manganese fraction, x. Then, following conventional magnetic characterization, we 
perform spinwave spectroscopy and corresponding micromagnetic simulations. Combining the 
results of these measurements, we establish the critical temperature, the strength of the 
symmetric/antisymmetric exchange interactions, and the helical periods in our films as a function 
of x. Our work demonstrates an approach to controlling the helical period through composition 
over a range of 200 nm to 8 nm, thus enabling the engineering of magnetic skyrmion diameter in 
scalably grown thin-film chiral magnets.  
 
II. Growth & physical characterization 
 
We grow MnxFe1-xGe thin films by co-depositing from Mn, Fe, and Ge sources onto the surface 
of a B20 FeSi seed layer at 200 C using a Veeco GEN10 MBE system with a 2x10-9 Torr base 
pressure. The FeSi seed layer is created by the room-temperature deposition of a monolayer of 
iron on a 7x7 reconstructed Si (111) surface followed by flash annealing at 500 C. The 
formation of B20 MnxFe1-xGe is continuously monitored by in-situ reflection high-energy 
electron diffraction (RHEED) to ensure the right stoichiometric B20 phase of MnxFe1-xGe 
without segregation (See supplementary material for RHEED patterns). The deposition rate of 
the growth is approximately 5 Å/min and two hours of growth produces a 60-nm thick film of 
each composition, which is determined by low-angle X-ray reflectivity (XRR) measurements.  
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Next, to confirm an epitaxial relation between MnxFe1-xGe and the Si (111) substrate, we image a 
cross-section of Mn0.18Fe0.82Ge film using high-resolution STEM at a 300 keV electron beam 
energy (Fig. 1(a)). We find that the FeSi seed layer is approximately 1 nm thick where we clearly 
observe a transition from the silicon diamond crystal structure to the B20 crystal structure. The 
MnxFe1-xGe epitaxial layer also shows high crystalline quality as observed by the two 
parallelograms of B20 cubic crystal structure [12].   
 
Strain plays a key role in establishing the magneto-static anisotropy, and thus the stable magnetic 
phases in thin-film B20 compounds [13–16]. To calculate the film strain we measure  XRD 
scans using a Rigaku Smartlab X-ray Diffractometer. In particular, to determine the out-of-plane 
and in-plane strains, we measure the out-of-plane lattice spacing along [111] (d111) at  = 90 and 
the lattice spacing along [100] (d100) at  = 35.26 [17]. For each film, we calibrate the 
instrument against the known lattice constant of the silicon substrate, 5.431 Å, at both  angles 
 [18]. To find the reference bulk lattice constants for MnxFe1-xGe, we first perform energy-
dispersive X-ray spectroscopy characterization of each film to obtain the Mn:Fe ratio precisely. 
Then, using Vegard’s law [19,20] and the known lattice constants of FeGe and MnGe [6,21,22], 
we calculate the reference bulk lattice constants. By comparing the measured lattice spacings to 
the reference values, we find the in-plane and out-of-plane strains in the films as shown in Fig. 
1(b). 
 
Although the lattice constants of our MnxFe1-xGe films are larger than the corresponding lattice 
spacing of the silicon substrate (5.4313/2=4.703 Å) for x > 0.17 our films consistently have 
lateral expansion and perpendicular compression, regardless of x. This suggests that the strain 
deformation in the cubic B20 crystalline thin films is most likely due to the mismatch in the 
thermal expansion coefficient between the film and Si, rather than the direct room temperature 
lattice mismatch [23]. Nevertheless, we find that by growing MnxFe1-xGe thin films using MBE, 
we are able to reduce the strain by a factor of four as compared to the strain in sputtered B20 
FeGe thin films [16]. This is a crucial step towards reducing the unfavorable easy-plane 
anisotropy in B20 thin films [13–15].   
 
  
III. Magnetic Characterization 
 
After confirming the high-quality epitaxial growth of our films, we perform systematic magnetic 
characterization using a vibrating sample magnetometer (VSM). Before we explain the 
magnetometry measurements, we first describe the magnetic behavior of B20 chiral magnet thin 
films. Because B20 chiral thin films have easy-plane anisotropy [14,16,24,25], we can assume 
the uniformity of magnetization in the plane and define the one dimensional free energy density 
as 
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 ,   (1) 
where A is the exchange stiffness constant, D is the DMI constant, H is the external magnetic 
field, Ku is the anisotropy constant, and Hm is the demagnetizing field due to the shape of the 
sample [26]. This chiral magnetic free energy presents two important parameters: the zero field 
helical wave vector Q=2/LD=D/2A, where LD is the helical wavelength, and the in-plane 
saturation field HD = D
2/(2AMs), where Ms is the saturation magnetization [26]. Previous studies 
have shown that these two parameters, the helical period and the saturation field, determine 
many properties in chiral magnets, including spin resonance dynamics [16,27]. Additional 
studies have found that bulk MnxFe1-xGe samples have substantial variations in the values of Q 
and HD as a function of the stoichiometric fraction x [7,8,28]. For example, Q for FeGe is 0.09 
nm-1 and it approaches zero at xc = 0.2, which is the critical fraction at which the DMI constant 
goes through zero and changes its sign. For x > xc , Q starts to increase again, eventually reaching 
2 nm-1, corresponding to a helical period, LD = 3 nm for x = 1 (MnGe) [8,9]. As we mentioned 
above, HD is also proportional to D
2, varying from a few mT to 13 T through the whole range of 
x [9]. Due to variations of Q and HD from the previous observations, it is important to extract 
these quantities in our MnxFe1-xGe thin films using magnetometry. 
 
To find the saturation field and magnetization of our films, we perform magnetometry 
measurements using a Quantum Design VSM with an in-plane applied field. To make consistent 
comparisons between the films, we measure the saturation fields at 40 K for all of the films.  
This is an ideal temperature for comparison because at higher temperatures material with large x 
show strong fluctuations in the helical phase [10], while at lower temperatures the saturation 
field reaches our instrument maximum. In Fig. 2(a), we show the magnetization vs. in-plane 
magnetic field plots for x = 0.08, 0.18, 0.26, and 0.34, and in Fig. 2(b), we show the plots for x = 
0.44, 0.56, 0.62, 0.72 and 0.81. By finding the minimum in the second derivative of M with 
respect to H (  see supplemental material), we find the saturation field as a function of 
x, which we plot with pink squares in Fig. 2(c). Although HD is less than 100 Oe for the films 
near the xc = 0.2  [7,8], the maximum HD is found at 38 kOe for the Mn0.81Fe0.19Ge film, the film 
with the highest manganese fraction in the series. This behavior of the saturation field agrees 
perfectly with the variation in DMI as a function of x in polycrystalline bulk MnxFe1-xGe alloys 
[8–10]. We also find the saturation magnetization, Ms, from the M vs. H measurements, plotted 
with blue triangles in Fig 2(c). In contrast to the dramatic variation in Hd, we observed a slight, 
approximately 35 %, increase in Ms as a function of x, which is also consistent with previous 
observations in bulk crystals [9].  
 
To find the critical temperature (Tc) of the paramagnetism-to-helimagnetism transition and the 
spinwave stiffness constant (Dsw) for the films, we perform additional magnetometry 
measurements as a function of temperature. To find Tc for each film, we apply a small magnetic 
field in the plane (160 Oe for x = 0.08, 0.18, 0.26, and 0.34, and 320 Oe for the remaining 
manganese fractions) and measure the magnetization as the temperature is varied between 300 K 
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and 100 K. Then, we differentiate the magnetization with respect to T; this gives the 
susceptibility of the films ( ) and indicates the helical phase boundaries [29], which we 
use to find the maximum of the curve for each film to determine Tc (Fig 2(d)). We find that the 
lowest six manganese stoichiometric fractions display a similar trend.  The  curves for x 
= 0.62, 0.72, and 0.81 show large fluctuations below Tc, which was also observed with bulk 
MnxFe1-xGe measurements due to the helical phase fluctuations [10,30]. In contrast to the bulk 
materials [28], we observe an increase in Tc for the films with high manganese fraction, i.e., Tc 
saturates to around 200 K for x > 0.5 (Fig. 2(e)).  In this range, the value of Tc is approximately 
50 K higher than in bulk versions of MnxFe1-xGe [28]. We speculate that geometrical 
confinement and surface twist effects can change the energy landscape (the last two right-hand-
side terms in Eq. (1)) for the helimagnetism against the thermal fluctuations, which could 
increase Tc in our films [26].  
 
To find Dsw as a function of x, which can be used to obtain the A and DMI constants, we measure 
the temperature-dependent  by applying a saturating magnetic field. At low temperatures, well 
below Tc, the magnetization follows the Bloch-T
3/2 law (See supplemental material for 
validation), and thus Dsw can be extracted by fitting to 
,   (2) 
where g is the electron’s gyromagnetic ratio (taken to be g = 2 [32,33]),  is the Bohr 
magneton, is the Boltzmann constant,  is  a dimensionless geometrical factor of magneton 
density that can be approximated as 0.0587 for films thicker than 50 nm [32,34]. Then, we 
measure the magnetization of our films by varying the temperature between 80 K and 150 K. 
Because the silicon substrates produce a large diamagnetic background in addition to the films 
magnetizations, there are significant error bars in Dsw, as shown in Fig. 2(e). We note that Dsw 
follows Tc, which is expected because of the Bloch-T
3/2 law [28,32].  
 
Using the relations  and HD = D
2/(2AMs), where a0 is the lattice 
constant [16,35–37] (See supplemental material for details), we find the helical wave vector Q, 
the exchange stiffness A, and the DMI coefficient D in MnxFe1-xGe thin films (Table I). In 
addition, by using LD = 4πA/D, we calculate the helical period LD and plot it as a function of x in 
Fig. 3(a). We note that the helical period of the film with the highest manganese fraction is 7.6 
nm, which is the shortest helical period in a thin film reported to date. A 7.6 nm helical period 
should correspond to a 9 nm (27.6/3) skyrmion lattice constant, which is yet to be 
experimentally confirmed in these films. There has been some epitaxial growth of B20 MnGe 
thin films [38,39], which should contain smaller helical periods, around 4 nm [6], however, their 
magnetic structures have not been reported. Finally, we note that the physical parameters in 
Table I are crucial for micromagnetic simulations of the helimagnetic spin dynamics that are 
discussed in the next section.  
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IV. Spinwave resonances: Experiments and simulations 
 
An important method to characterize ferromagnetic materials and quantify their magnetic 
properties, e.g., Ms and anisotropy fields, is microwave absorption spectroscopy (MAS) [40]. 
This is particularly true for helical magnets because the helical magnetic structure has unique 
spin resonances that depend strongly on the helical period and the saturation magnetic 
field [16,33]. Therefore, we exploit MAS to unambiguously confirm the helical spin texture and 
the strength of the DMI in MnxFe1-xGe thin films.  
 
Before we perform MAS measurements, we first computationally study spin dynamics and 
calculate the resonance frequencies of the helical phases using micromagnetic simulations with 
Mumax3 software [34]. In these simulations, we first find the equilibrium spin texture for a 
given value of x, H, and T, and then extract the natural oscillation frequencies that are triggered 
by a magnetic field impulse. See Ref. [16] for further simulation details.  
 
To illustrate the helical wrapping of the equilibrium spin textures in MnxFe1-xGe thin films, we 
plot the simulated x-component of the magnetization (Mx) as a function of film thickness at H = 0 
Oe field (Fig. 3(b)). We have used a +1 vertical shift between curves for clarity. For x = 0.08, 
0.18, 0.26, and 0.34, less than a full helical period is supported within the 60 nm film thickness.  
For larger values of x, multiple helical wrappings are accommodated due to the strong DMI.  
 
Next we computationally find the spinwave profiles as a function of thickness and frequency, 
which are sensitively related to the helical alignment [16]. Samples with x ≤ 0.26 do not have 
helical resonances because they do not have a full wrapping period within the film thickness, 
however, they do have Kittel thickness mode spinwaves [See supplemental material]. Samples 
with high manganese fraction (x = 0.44–0.81) show higher resonance frequencies than the films 
with fractional wrapping for the same number of nodes. In Figs. 4(a) and 4(b), we plot the 
simulation results for three stoichiometric fractions, x = 0.44, 0.56, and 0.62, because their 
resonance frequencies are well-matched to our experimental apparatus. In particular, by spatially 
averaging the Fourier transform of the natural oscillations, we find the total amplitudes of the 
resonances as a function of frequency, Figs. 4(a1)–4(a3). The film with x = 0.44 has three 
resonance frequencies (f1 = 3.7 GHz, f2 = 7.6 GHz, and f3 = 12.2 GHz) that have one, two, and 
three antinodes in spinwave modes (Figs. 4(a1) and 4(b1)), respectively. The film with x = 0.56 
has two resonances (f1 = 5.1 GHz and f2 = 10.5 GHz) with one and two antinodes (Figs. 4(a2) 
and 4(b2)). Similarly, the film with x = 0.62 has two resonances (f1 = 6.4 GHz and f2 = 13.2 
GHz) with one and two antinodes (Figs. 4(a3) and 4(b3)).  
 
To experimentally examine the spin dynamics in our MnxFe1-xGe thin films, we place each 
sample film-side down on a broadband coplanar waveguide (CPW) [42].  The CPW is located 
inside a cryostat that is placed between the poles of an electromagnet that can reach a DC 
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magnetic field of ±7 kOe. In addition, we apply a modulated magnetic field with 6 Oe amplitude 
and 219 Hz frequency. We demodulate the microwave power transmitted through the CPW with 
respect to the magnetic field modulation using a lock-in amplifier, enabling sensitive, low-noise 
MAS measurements. See Refs. [16,43] for further experimental details. Next, we perform MAS 
on the films with x = 0.44, 0.56, and 0.62 in which we vary the microwave frequency and the DC 
magnetic field at 40 K. In Fig. 4(c), we plot the MAS voltage as a function of the RF frequency 
between 2 and 14 GHz and the magnetic field between -5 and 5 kOe.  
 
To compare with the H = 0 Oe simulation results, we focus on the experimental absorption 
profiles near zero magnetic field. In particular, the film with x = 0.44 shows three resonances at 
3.6, 6.8, and 12.4 GHz (Fig. 4(c1)), which is in close correspondence with the numerically 
predicted spin wave resonances shown in Fig. 4(a1). The film with x = 0.56 has f1 = 5 GHz and 
f3 = 10 GHz, which are also in close agreement with the simulation, however, the 
experimentally-observed resonance at f2 = 8.5 GHz did not appear in the simulation, perhaps 
because it is broad in comparison to the other resonant features. For the x = 0.62 film shown in 
Fig. 4(c3), we experimentally observe a resonance at f1 = 5 GHz, which is lower than the 
numerically predicted resonance.  Furthermore, we experimentally observe an extremely 
complicated resonant feature at 13.5 GHz.  Although a resonance at this frequency is predicted at 
H = 0 Oe by micromagnetic simulation (Fig. 4(b3)), the complexity of the lineshape initially led 
us to discount this feature as an artifact.  Nevertheless, it appears across multiple sample pieces 
with the same composition, multiple CPWs, and even a different signal generator. Therefore, we 
conclude that it is a real resonant absorption process by the film, but one that requires additional 
study. We also note that the MAS signal for the x = 0.62 sample is one order of magnitude 
smaller than the MAS signal for the x = 0.44 sample, and the thus measurement is more 
susceptible to noise, which could lead such a disordered MAS signal at 13.5 GHz.  
 
 
V. Discussion and Conclusion 
 
Understanding the spinwave dynamics in DMI-varied MnxFe1-xGe thin films could play a crucial 
role in future applications like frequency tunable spin-torque oscillators using chiral 
magnets [44,45]. Although we grow this material series using MBE, the growth could be adapted 
to more scalable approaches such as magnetron sputtering based on the growth conditions 
presented here. Furthermore, even though our films have helical spin texture below room 
temperature, it is a good model system for understanding behavior and device integration of thin-
film materials with crystalline broken inversion symmetry leading to a strong DMI. Such strong 
DMI can exhibit sub-ten nm magnetic skyrmions, which is essential for high-density memory 
and spintronic applications [46]. 
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MnxFe1-xGe thin films are also a good model system for future transport studies of chiral 
magnets. The detailed understanding of Berry phase in chiral magnets remains a complicated 
problem due to the broken inversion symmetries in both momentum and real space of electrons 
in MnxFe1-xGe compounds. There have been very few studies that tackle this problem 
theoretically and experimentally using polycrystalline, mm-size materials [9,47–49], and DMI 
varied MnxFe1-xGe thin films will be useful to address this problem by allowing arbitrary size 
device fabrication. Moreover, we speculate that volume DMI materials like MnxFe1-xGe thin 
films will have advantages relative to interfacial DMI thin-film heterostructures due to more a 
uniform skyrmion diameter. In recent studies of Pt/Co/Ir multilayers, which have interfacial 
DMI [50,51], the anomalous Hall effect is used to detect skyrmion motion under a charge current 
and large fluctuations in the Hall signal were observed due to the varying diameter of the 
magnetic skyrmions. In this respect, MnxFe1-xGe thin films are desirable for a uniform skyrmion 
diameter and a small variation in Hall signals. In addition, real-time imaging of skyrmion motion 
under a charge current and sensing the resulting Hall voltage in bulk DMI materials is a 
challenge at the forefront of the field of chiral magnetism. This is partially because of the limited 
understanding and availability of B20 thin films for complicated device fabrication [50,51]. Our 
effort here is an important step to overcome this challenge.  
 
In conclusion, we present the high-quality epitaxial growth of MnxFe1-xGe thin films on a silicon 
substrate within the compositional range of x from 0 to 0.81. We perform comprehensive 
physical and magnetic characterization. We find that the films have a positive strain in the plane 
and a negative strain out of the plane for all values of x, which suggests that the thermal 
expansion mismatch plays a key role in establishing film strain. Nonetheless, we are able to 
reduce the strain in B20 thin films by a factor of four as compared to sputtered FeGe films, 
which is promising for reducing the uniaxial anisotropy in chiral thin films. Through 
magnetometry studies, we quantified the saturation field, magnetization, exchange stiffness and 
DMI strength as a function of x. Using the powerful combination of MAS measurements and 
micromagnetic simulations, we validate the presence of helical spin textures through their unique 
spin wave resonances in three MnxFe1-xGe (x = 0.44, 0.56, and 0.62) thin films. Our results 
demonstrate an approach to controlling the helical pitch and magnetic skyrmion diameter 
through compositional control, which supports the integration of thin-film chiral magnets into 
future high-density, power-efficient spintronic devices.  
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FIG. 1. Physical characterization of MnxFe1-xGe thin films. (a) A high-resolution cross-sectional 
STEM image of thin-film Mn0.18Fe0.82Ge along the < > zone axis that shows epitaxial growth 
on top of the FeSi seed layer. (b) In-plane and out-of-plane strains in MnxFe1-xGe thin films 
plotted as a function of the manganese stoichiometric fraction x, which shows compression in the 
direction of the film normal and expansion in the plane.  
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FIG. 2. Magnetometry characterization of MnxFe1-xGe films. (a) and (b) show normalized 
magnetizations of films. (c) shows the saturation fields and magnetizations vs. x. While Ms 
shows a relatively slow increase with higher manganese fractions, Hd shows a dramatic increase 
due to the large DMI. (d) shows the temperature-dependent magnetization measurements under a 
small magnetic field (see the text). From the peak locations of M/T, we identified the critical 
temperatures Tc. (e) shows the trend of Tc and spinwave stiffness constant, Dsw, as a function of 
x. Tc’s are extracted from (d) and Dsw are extracted from Bloch-T3/2 fittings of magnetization 
measurements at saturated fields (see supplemental material for individual fits).   
 
TABLE I. Physical and magnetic properties of MnxFe1-xGe films. Ms, A, and DMI are essential 
for the correct representation in micromagnetic simulations to account for the helical resonances.  
Sample 
# 
Mn 
% 
 % // % Ms 
kA/m 
Hd Oe  nm A J/m 
10-12 
DMI 
mJ/m2 
1 7.8 -0.22 0.6 320 359 100.3 1.47 0.184 
2 17.9 -0.14 0.34 301 86 208.3 1.43 0.086 
3 26.2 -0.17 0.46 322 84 190.0 1.24 0.082 
4 33.5 -0.08 0.29 337 512 70.6 1.09 0.194 
5 43.7 -0.06 0.35 347 5172 21.9 1.09 0.625 
6 55.8 -0.22 0.63 370 14800 12.3 1.06 1.076 
7 62.1 -0.23 0.6 363 23670 10.0 1.10 1.375 
8 71.6 -0.27 0.68 422 32600 8.0 1.13 1.760 
9 80.8 -0.21 0.52 422 38000 7.6 1.19 1.951 
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FIG. 3. (a) shows the helical period LD vs. x. (b) Equilibrium magnetization along the x-axis, Mx, 
that is parallel to the DC magnetic field, at 0 Oe field. Note a +1 offset is added to each 
successive curve for clarity. While the films with x = 0.08, 0.18, 0.26, and 0.34 manganese 
fractions present incomplete winding, the rest of the films have multiple windings.  
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FIG. 4. Numerical and experimental results of microwave absorptions spectroscopy for the films 
with x = 0.44 (first row), x = 0.56 (second row), and x = 0.62 (third row) manganese fractions. 
(a1), (a2), and (a3) show the spinwave spectrum at H = 0 Oe field. (b1), (b2), and (b3) show the 
spatially resolved spinwave spectral densities as a function of thickness and frequency. We 
observe nodes and antinodes in the resonance profiles that is shaped by the helical structures. 
(c1), (c2), and (c3) show the experimental measurement of absorption spectral densities as a 
function of RF frequency and magnetic field. We note that we concentrate near-zero field 
resonance features to find the resonance frequencies of the helical phases.  
 
 
 
References 
 
[1]  U. K. Rössler, A. N. Bogdanov, and C. Pfleiderer, Nature 442, 797 (2006). 
[2]  N. Nagaosa and Y. Tokura, Nat. Nanotechnol. 8, 899 (2013). 
[3]  I. Dzyaloshinsky, J. Phys. Chem. Solids 4, 241 (1958). 
[4]  M. L. Plumer and M. B. Walker, J. Phys. C Solid State Phys. 14, 4689 (1981). 
[5]  A. Fert, Mater. Sci. Forum 59–60, 439 (1991). 
[6]  N. Kanazawa, Y. Onose, T. Arima, D. Okuyama, K. Ohoyama, S. Wakimoto, K. Kakurai, 
S. Ishiwata, and Y. Tokura, Phys. Rev. Lett. 106, 156603 (2011). 
[7]  K. Shibata, X. Z. Yu, T. Hara, D. Morikawa, N. Kanazawa, K. Kimoto, S. Ishiwata, Y. 
Matsui, and Y. Tokura, Nat. Nanotechnol. 8, 723 (2013). 
[8]  S. V. Grigoriev, N. M. Potapova, S.-A. Siegfried, V. A. Dyadkin, E. V. Moskvin, V. 
 13 
Dmitriev, D. Menzel, C. D. Dewhurst, D. Chernyshov, R. A. Sadykov, L. N. Fomicheva, 
and  a. V. Tsvyashchenko, Phys. Rev. Lett. 110, 207201 (2013). 
[9]  N. Kanazawa, K. Shibata, and Y. Tokura, New J. Phys. 18, 45006 (2016). 
[10]  E. Altynbaev, S.-A. Siegfried, E. Moskvin, D. Menzel, C. Dewhurst, A. Heinemann, A. 
Feoktystov, L. Fomicheva, A. Tsvyashchenko, and S. Grigoriev, Phys. Rev. B 94, 174403 
(2016). 
[11]  E. S. Machlin and P. Chaudhari, in Synth. Prop. Metastable Phases, edited by E. S. 
Machlin and T. J. Rowland (The Metallurgical Society of AIME, Warrendale, 1980), pp. 
11–29. 
[12]  J. C. Gallagher, K. Y. Meng, J. T. Brangham, H. L. Wang, B. D. Esser, D. W. Mccomb, 
and F. Y. Yang, Phys. Rev. Lett. 118, 027201 (2017). 
[13]  E. A. Karhu, S. Kahwaji, M. D. Robertson, H. Fritzsche, B. J. Kirby, C. F. Majkrzak, and 
T. L. Monchesky, Phys. Rev. B 84, 060404(R) (2011). 
[14]  M. N. Wilson, E. A. Karhu, D. P. Lake, A. S. Quigley, S. Meynell, A. N. Bogdanov, H. 
Fritzsche, U. K. Rößler, and T. L. Monchesky, Phys. Rev. B 88, 214420 (2013). 
[15]  A. I. Figueroa, S. L. Zhang, A. A. Baker, R. Chalasani, A. Kohn, S. C. Speller, D. 
Gianolio, C. Pfleiderer, G. van der Laan, and T. Hesjedal, Phys. Rev. B 94, 174107 
(2016). 
[16]  E. Turgut, A. Park, K. Nguyen, A. Moehle, D. A. Muller, and G. D. Fuchs, Phys. Rev. B 
95, 134416 (2017). 
[17]  C. Giacovazzo, H. L. Monaco, G. Artioli, D. Viterbo, G. Ferraric, G. Gilli, G. Zanotti, 
and M. Catti, Fundamentals of Crystallography, 2nd ed. (Oxford University Pres, Oxford, 
2002). 
[18]  E. Karhu, S. Kahwaji, T. L. Monchesky, C. Parsons, M. D. Robertson, and C. Maunders, 
Phys. Rev. B 82, 184417 (2010). 
[19]  L. Vegard, Z. Phys. 5, 17 (1921). 
[20]  L. Vegard, Z. Krist. 67, 239 (1928). 
[21]  H. Wilhelm, M. Schmidt, R. Cardoso-Gil, U. Burkhardt, M. Hanfland, U. Schwarz, and 
L. Akselrud, Sci. Technol. Adv. Mater. 8, 416 (2007). 
[22]  M. De Graef and M. E. McHenry, Structure of Materials: An Introduction to 
Crystallography, Diffraction, and Symmetry (Cambridge, UK : Cambridge University 
Press, 2012). 
[23]  S. A. Meynell, A. Spitzig, B. Edwards, M. D. Robertson, D. Kalliecharan, L. Kreplak, 
and T. L. Monchesky, Phys. Rev. B 94, 184416 (2016). 
[24]  N. A. Porter, J. C. Gartside, and C. H. Marrows, Phys. Rev. B 90, 024403 (2014). 
[25]  S. L. Zhang, I. Stasinopoulos, T. Lancaster, F. Xiao, A. Bauer, F. Rucker, A. A. Baker, A. 
I. Figueroa, Z. Salman, F. L. Pratt, S. J. Blundell, T. Prokscha, A. Suter, J. Waizner, M. 
Garst, D. Grundler, G. van der Laan, C. Pfleiderer, and T. Hesjedal, Sci. Rep. 7, 123 
(2017). 
[26]  M. N. Wilson, E. A. Karhu, A. S. Quigley, U. K. Rößler, A. B. Butenko, A. N. Bogdanov, 
M. D. Robertson, and T. L. Monchesky, Phys. Rev. B 86, 144420 (2012). 
[27]  T. Schwarze, J. Waizner, M. Garst, A. Bauer, I. Stasinopoulos, H. Berger, C. Pfleiderer, 
and D. Grundler, Nat. Mater. 14, 478 (2013). 
[28]  N. Kanazawa, S. Seki, and Y. Tokura, Adv. Mater. 29, 1603227 (2017). 
[29]  H. Wilhelm, M. Baenitz, M. Schmidt, U. K. Rößler, A. A. Leonov, and A. N. Bogdanov, 
Phys. Rev. Lett. 107, 127203 (2011). 
 14 
[30]  E. Altynbaev, S. Siegfried, V. Dyadkin, E. Moskvin, D. Menzel, A. Heinemann, C. 
Dewhurst, L. Fomicheva, A. Tsvyashchenko, and S. Grigoriev, Phys. Rev. B 90, 174420 
(2014). 
[31]  A. O. Leonov, Y. Togawa, T. L. Monchesky, A. N. Bogdanov, J. Kishine, Y. Kousaka, 
M. Miyagawa, T. Koyama, J. Akimitsu, T. Koyama, K. Harada, S. Mori, D. McGrouther, 
R. Lamb, M. Krajnak, S. McVitie, R. L. Stamps, and K. Inoue, Phys. Rev. Lett. 117, 
87202 (2016). 
[32]  H. T. Nembach, J. M. Shaw, M. Weiler, E. Jué, and T. J. Silva, Nat. Phys. 11, 825 (2015). 
[33]  T. Schwarze, J. Waizner, M. Garst, A. Bauer, I. Stasinopoulos, H. Berger, C. Pfleiderer, 
and D. Grundler, Nat. Mater. 14, 478 (2015). 
[34]  C. A. F. Vaz, J. A. C. Bland, and G. Lauhoff, Reports Prog. Phys. 71, 56501 (2008). 
[35]  S. V. Maleyev, Phys. Rev. B 73, 174402 (2006). 
[36]  M. Getzlaff, Fundamentals of Magnetism (Springer, 2008), pp. 83–87. 
[37]  J. I. Kishine and A. S. Ovchinnikov, Phys. Rev. B 79, 220405(R) (2009). 
[38]  J. Engelke, D. Menzel, and V. A. Dyadkin, J. Phys. Condens. Matter 25, 472201 (2013). 
[39]  A. S. Ahmed, B. D. Esser, J. Rowland, D. W. Mccomb, and R. K. Kawakami, J. Cryst. 
Growth 467, 38 (2017). 
[40]  T. Silva, H. Nembach, B. Doyle, K. Oguz, and M. Doczy, in Metrol. Diagnostic Tech. 
Nanoelectron., edited by Z. Ma and D. Seiler (Pan Stanford Publishing, 2016), pp. 978–
981. 
[41]  A. Vansteenkiste, J. Leliaert, M. Dvornik, M. Helsen, F. Garcia-Sanchez, and B. Van 
Waeyenberge, AIP Adv. 4, 107133 (2014). 
[42]  Y. Wiemann, J. Simmendinger, C. Clauss, L. Bogani, D. Bothner, D. Koelle, R. Kleiner, 
M. Dressel, and M. Scheffler, Appl. Phys. Lett. 106, 193505 (2015). 
[43]  E. Turgut, M. J. Stolt, S. Jin, G. D. Fuchs, E. Turgut, M. J. Stolt, S. Jin, and G. D. Fuchs, 
J. Appl. Phys. 122, 183902 (2017). 
[44]  F. Garcia-Sanchez, J. Sampaio, N. Reyren, V. Cros, and J.-V. Kim, New J. Phys. 18, 
75011 (2016). 
[45]  R. H. Liu, W. L. Lim, and S. Urazhdin, Phys. Rev. Lett. 114, 137201 (2015). 
[46]  A. Fert, N. Reyren, and V. Cros, Nat. Rev. Mater. 2, 17031 (2017). 
[47]  J. Gayles, F. Freimuth, T. Schena, G. Lani, P. Mavropoulos, R. A. Duine, S. Blügel, J. 
Sinova, and Y. Mokrousov, Phys. Rev. Lett. 115, 36602 (2015). 
[48]  T. Kikuchi, T. Koretsune, R. Arita, and G. Tatara, Phys. Rev. Lett. 116, 247201 (2016). 
[49]  T. Koretsune, N. Nagaosa, and R. Arita, Sci. Rep. 5, 13302 (2015). 
[50]  K. Zeissler, K. Shahbazi, J. Massey, S. Finizio, J. Raabe, F. Al Ma’mari, M. C. 
Rosamond, E. H. Lifield, T. A. Moore, G. Burnell, and C. H. Marrows, arxiv:1706.06024 
(2017). 
[51]  D. Maccariello, W. Legrand, N. Reyren, K. Bouzehouane, S. Collin, V. Cros, and A. Fert, 
arXiv:1706.05809 1 (2017). 
 
Supplemental Material for Engineering 
Dzyaloshinskii-Moriya interaction in B20 thin film 
chiral magnets 
 
Emrah Turgut1, Hanjong Paik2, Kayla Nguyen1, David A. Muller1,3, Darrell G. Schlom2,3, and 
Gregory D. Fuchs1,3 
 
1. School of Applied and Engineering Physics, Cornell University, Ithaca, NY 14853, USA 
2. Department of Materials Science and Engineering, Cornell University, Ithaca, NY 14853, 
USA 
3. Kavli Institute at Cornell for Nanoscale Science, Ithaca, NY 14853, USA 
 
 
 
In this supplemental material, we provide detailed information about X-Ray diffraction (XRD) 
analysis, lattice spacing calculations, magnetometry measurements, validation of Bloch-T3/2 law 
for helimagnets, and micromagnetic simulation results.  
 
I. X-ray Diffraction Measurements 
 
To accurately determine the volume of the film and simulate its micromagnetic behavior, we 
measure the thickness of our films by X-ray reflectivity (XRR). By fitting the XRR profiles of 
Mn0.08Fe0.92Ge, Mn0.18Fe0.82Ge, and Mn0.62Fe0.38Ge, we obtain the thicknesses of these three films 
to be approximately 60 nm, and we assume the rest of the films have the same thickness due to 
the same deposition rate.  
 
We use in-situ RHEED to monitor the epitaxial growth of the B20 phase of MnxFe1-xGe films. In 
Fig. S1(a), we show a RHEED pattern of the B20 crystalline phase of one of the films. The 
corresponding 𝜃– 2𝜃 XRD scan is shown in Fig. S1(b).  
 
 
Fig. S1 (a) RHEED image of Mn0.18Fe0.82Ge film. (b) 𝜽–𝟐𝜽 XRD scan of Mn0.08Fe0.92Ge 
film.  
 
To find the strains in the films, we measure the lattice d-spacing along the [111] and [100] 
directions, namely d111 and d100. These spacings are systematically calibrated against the known 
lattice constant of the silicon substrate. Then, we use the rhombohedral unit cell lattice 
formula [1] 
1
𝑑ℎ𝑘𝑙
=
1
𝑎
{
(1+cos2 𝛼)(ℎ2+𝑘2+𝑙2)−(1−tan2
𝛼
2
)(ℎ𝑘+𝑘𝑙+𝑙ℎ)
1+cos𝛼−2cos2𝛼
}
1/2
,   [S1] 
 
and calculate the in-plane spacing of the films, which is then used to find the strains. To confirm 
the compositional fraction of the elements in each MnxFe1-xGe film, we also perform energy-
dispersive X-ray spectroscopy of at 12 keV and 18 keV electron energies, and use the average of 
the rates at these two energies as the Mn:Fe ratio of each film. By using these ratios and 
Vegard’s law [S1], we find the expected bulk lattice constant for each film and show them with 
the measured ones in Fig. S2.   
 
 
Fig. S2. Measured at different direction and calculated expected lattice constants of 
MnxFe1-xGe thin films.   
 
 
  
II. Magnetometry measurements 
 
To find the saturation field and magnetization of the films, we perform magnetometry 
measurements using a Quantum Design VSM with an in-plane applied field. By finding the zero-
crossings in the 
𝑑2𝑀
𝑑𝐻2
 curve of each film as shown in Fig. S3, we obtain the saturation field Hd as 
discussed in the main text. For the Mn0.18Fe0.82Ge film, the step size in magnetic field is coarse 
with respect to the saturation field, thus we use the M vs. H curve from Fig. 2(a) in the main text.  
 
 
Fig. S3. 
𝒅𝟐𝑴
𝒅𝑯𝟐
 curves for each film, which is calculated by taking a numerical derivative of 
the M with respect to H measurements shown in Fig. 2 of the main text.  
 
To find spinwave stiffness constant DSW, we apply a saturating large magnetic field and measure 
the temperature dependence of magnetization. We use the Bloch-T3/2 law and fit the 
magnetization to Eq. (2) in the main text, obtaining Ms and DSW at 0 K. In Fig. S4, we show these 
fits for each film. Then, we find DSW(T = 40 K) by using 𝐷𝑆𝑊(𝑇) = 𝐷𝑆𝑊(𝑇 = 0)[𝑀𝑆(𝑇)/
𝑀𝑆(𝑇 = 0)]  [S2].  
 
Although the Bloch-T3/2 law has been widely used for ferromagnetic materials to obtain the 
symmetric exchange interaction constant, there are very few studies on the materials with 
DMI [S2]. Here we elaborate the validation of the Bloch-T3/2 law for helimagnets as well.  
 
The free energy of spinwaves for ferromagnetic materials is written as  
𝐻 = −
𝐽
2
∑ [𝑆𝑗
+𝑆𝑗+1
− + 𝑆𝑗
−𝑆𝑗+1
+ ]𝑗 − 𝐽∑ 𝑆𝑗
𝑧𝑆𝑗+1
𝑧
𝑗 ,    [S2] 
where Sj represents a spin located at the jth site, J is the symmetric exchange interaction, and 
𝑆𝑗
± = 𝑆𝑗
𝑥 ± 𝑖𝑆𝑗
𝑦
 [S3]. With the additional DMI, this energy becomes  
𝐻 = −
𝐽
2
∑ [𝑆𝑗
+𝑆𝑗+1
− + 𝑆𝑗
−𝑆𝑗+1
+ ]𝑗 − 𝐽∑ 𝑆𝑗
𝑧𝑆𝑗+1
𝑧
𝑗 ,   [S3] 
where 𝐽 = |𝐽 + 𝑖𝐷| = √𝐽2 + 𝐷2 [S4]. We note that the free energies in Eqs. (S2) and (S3) are 
atomistic versions, which are appropriate for the Bloch-T3/2 law derivation. In contrast, we use 
the free energy of the micromagnetic version in the main text to have a coherent representation 
with micromagnetic simulations. The conversion between these two versions of the exchange 
terms is performed using the helical period [S4]: 
 
Helical period Micromagnetic Atomistic 
LD 4𝜋𝐴/𝐷𝑚 2𝜋𝑎0𝐽/𝐷𝑎 
 
where, 𝑎0 is the lattice constant of the unit cell, A is the micromagnetic exchange constant, Dm 
and Da are the DMI of micromagnetic and atomistic energies, respectively. Thus, Da can be 
obtained by 𝐷𝑚𝑎0/2. By using the standard derivation of the Bloch law [S3], we find 𝐷𝑠𝑤 ≈
2𝐽𝑆𝑎0
2 =
2𝑔𝑒𝜇𝐵𝐴
𝑀𝑠
(1 +
1
2
𝑄2𝑎0
2) =
𝑔𝑒𝜇𝐵𝐻𝐷
𝑄2
(1 +
1
2
𝑄2𝑎0
2). If the helical period LD is much larger 
than the lattice constant a0, the 𝐷𝑠𝑤 =
𝑔𝑒𝜇𝐵𝐻𝐷
𝑄2
 approximation can be used, which has been true 
for studies in B20 MnSi and FeGe [S5–S7]. For our films with high manganese fraction, 
however, this approximation results in a 4% error in the helical period. 
 
 
 
Fig. S4. M vs. T measurements at a saturating magnetic field and Bloch-T3/2 fits. 
 
III. Micromagnetic simulations  
 
In order to find the resonance frequencies, we use the ringdown method, in which we apply a 
magnetic impulse after the ground spin-state is reached. This magnetic pulse creates oscillations 
and precession in the spin system. By calculating the spatially-resolved Fourier transform of 
these oscillations, we find the resonance frequencies and oscillation profiles (spinwave modes) 
along the film thickness. In Fig. S5, we show the thickness profiles of the natural oscillations at 
H = 0 Oe field. 
 
 
 
Fig. S5. Thickness profiles of the natural oscillations obtained from ringdown 
micromagnetic simulations. Sample 7 is shown until 50 GHz to illustrate the scaling of the 
number of nodes and anti-nodes.  
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